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Summary

Pathogenesis induced by SARS-CoV-2 is thoughtgoltérom both an inflammation dominated
cytokine response and virus-induced cell pertudmatausing cell death. Here, we employ an
integrative imaging analysis to determine morphiglalgorganelle alterations induced in SARS-
CoV-2 infected human lung epithelial cells. We ne@D electron microscopy reconstructions of
whole-cells and subcellular compartments, revealaxtensive fragmentation of the Golgi
apparatus, alteration of the mitochondrial netwarld recruitment of peroxisomes to viral
replication organelles formed by clusters of doublEmbrane vesicles (DMVs). These are
tethered to the endoplasmic reticulum, providingights into DMV biogenesis and spatial
coordination of SARS-CoV-2 replication. Live cethaging combined with an infection sensor
reveals profound remodeling of cytoskeleton elesieharmacological inhibition of their
dynamics suppresses SARS-CoV-2 replication. We tlgport insights into virus-induced
cytopathic effects, and provide alongside a comgmsive publicly available repository of 3D

data-sets of SARS-CoV-2 infected cells for downlaad smooth online visualization.

Keywords

Viral replication organelles, electron tomograplglB-SEM, live cell imaging, coronavirus,
cytoskeleton, membrane remodeling, peroxisomesyiGatermediate filaments
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INTRODUCTION

As of end of September 2020, the ongoing COVID-&8demic has caused almost one million
fatalities and has affected more than 30 milliodividuals with confirmed infection worldwide
(https://covid19.who.int/). While a second waveirdections is occuring in many countries, the
severe acute respiratory syndrome coronavirus ZR&E&0V-2), the etiologic agent of this
disease, is expected to become seasonal. Thus,ishan urgent need to develop and implement
both prophylactic and therapeutic strategies agaims virus. Tremendous efforts are being
deployed to rapidly develop a safe-guarding vacevita no less than 150 candidates currently
under evaluation. Hence, much attention has beawrdto the study of virion structure and
potential surface epitopes relevant for inductidnneutralizing antibodies (Chu et al., 2020;
Wrapp et al., 2020). In stark contrast, much leskriown about how SARS-CoV-2 drives
pathogenesis, but it is becoming clear that dissaserity is determined by two parameters.
These are a predominantly inflammatory cytokinepoese triggered by the virus and direct
cytopathogenicity of SARS-CoV-2, leading to death imfected cells by a so far poorly
characterized mechanism (Chu et al., 2020; Huaral.,e2020; Tang et al., 2020). Knowledge
about viral cytopathogenicity requires detailedghts into how SARS-CoV-2 replicates in and
alters its host cell. Information gained in thigaris expected to foster the development of
innovative therapy mitigating disease severity. ldegr, thus far such insights have been mostly
inferred from studies on related betacoronavirusesh as the highly pathogenic Middle East
respiratory syndrome coronavirus (MERS-CoV) and SABbV-1, the mouse hepatitis virus
(MHV) model system or some endemic coronavirusassiog common cold. While some
approved drugs are considered for repurposing egfied (e.g. hydroxychloroquine,
lopinavir/ritonavir) because of their antiviral sty in cell culture, the clinical benefit of thes
drugs in terms of survival outcome and severitgyohptoms is disputed (Marzolini et al., 2020).
Hence, there is a need to better understand thegital mechanisms driving the SARS-CoV-2
replication cycle in order to identify therapeut&rgets and develop highly efficient drugs

suppressing viral replication and virus-induced dehth.

Following viral entry initiated by the binding opike (S) viral protein to cell surface receptors,
the best-studied one being angiotensin | converéingyme 2 (ACE2), and S processing by
cellular proteases (Hoffmann et al., 2020), the kBBlong positive-strand RNA genome is

released into the cytoplasm. There, the two langenoreading frames, la and, via ribosomal

3
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frameshifting, la/b are translated giving rise he treplicase (rep) polyproteins repla and
repla/lb, respectively. These viral products agawed by viral proteases to generate 16 mature
nonstructural proteins (nsps), most of them caustig the replication/transcription complex
responsible for viral RNA synthesis. During replioa, several sub-genomic RNA species are
generated encoding for 4 structural proteins andtiphel accessory proteins. The structural
proteins membrane (M), nucleocapsid (N), enveldpeahd S, together with the genomic RNA
drive the assembly of new virus particles, whicttha case of other coronaviruses bud into the
endoplasmic reticulum-Golgi intermediate compartméBRGIC). Virions are transported

through the secretory pathway and are releasedfahbé cell (Perlman and Masters, 2020).

Like all positive-strand RNA viruses (Paul and RBadchlager, 2013), SARS-CoV-2 induces a
remodeling of cellular endomembranes to form virgplication organelles (VROs). These
structures are thought to create a microenvironroentlucive to RNA synthesis by allowing the
enrichment of metabolites, viral enzymes and cofactand by protecting viral RNA from
degradation and sensing by pattern recognition ptece of the innate immune system.
Coronavirus replication organelles are composedamenantly of double-membrane vesicles
(DMVs) that are most likely derived from the endagphic reticulum (ER) (Klein et al., 2020;
Knoops et al., 2008; Snijder et al., 2020). Thesniot of these structures contains double-
stranded (ds)RNA, the presumed viral replicaticierimediate, andle novo synthesized RNA,
demonstrating that DMVs are the sites of viral RBihthesis. Consistently, a pore-like opening
spanning the two membrane layers of DMVs has beported very recently, consistent with
release of newly synthesized RNA from the DMV ii@gemto the cytoplasm (Wolff et al., 2020).

While these studies show that SARS-CoV-2 infectimfuces DMV formation as sites of viral
RNA replication, the biogenesis of these structamed their link to subcellular compartments is
poorly defined. Moreover, although SARS-CoV-2 irtfec is highly cytopathic, the impact of

the virus on integrity and morphology of cellulaganelles has not been established.

In this study, we employed a combination of lightlalectron microscopy approaches to obtain
an integrative view of the 3D architecture of SAR8V-2 induced vROs, their inter-relation
with subcellular compartments and the impact adMinfection on cellular organelles. We show
whole-cell 3D reconstructions demonstrating profbumorphological remodeling of multiple
membranous organelles such as fragmentation oGtiigi and recruitment of peroxisomes to
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VROs. In addition, using live cell imaging in comation with a sensor monitoring productive
infection and replication, we show that DMV clustare delimited by a reorganized “cage-like”
vimentin network and that pharmacological inhibitiof this blocks viral replicationn cellulo

electron tomography and FIB-SEM data unveiled avast of interconnected DMVs that are
tethered to the ER by membrane connectors, prayigisights into DMV biogenesis and their
role in coordinating the different steps of SARSW=D replication. Taken together, our study
provides a comprehensive 3D view of the SARS-Cokéglication cycle and alterations of
cellular organelles most likely contributing to agathogenicity of the virus and possibly serving

as target for urgently needed therapeutic stradegie

Results

Kinetics of viral replication organele formation in SARSCoV-2 infected human

pulmonary epithelial cells

Human pulmonary epithelial Calu-3 cells are knowibé permissive to SARS-CoV-2 and hence
were used as model system to study the morphologiczodeling of the cell induced by viral
infection. From 6 h postinfection onwards, SARS-Gd\positive cells as well as intra- and
extracellular viral RNA and infectious virus reledsinto the cell culture supernatant became
detectable (Figures 1A-E). Thus, a full replicataytle can be completed within less than 6 h in
Calu-3 cells. At 12 and 24 h postinfection, the bemof infected cells increased up to 70%
(Figure 1B), concomitant with an increase of inmad extracellular viral RNA as well as virus
titers as determined by infectivity assay (Figui€sE). Ultrastructural analysis performed by
transmission electron microscopy (TEM) revealedasaltel appearance of DMVs, becoming
detectable as sporadic clusters of small-sized DMdlameter 185 nm + 28 nm) at 6 h
postinfection and increasing in abundance and dam&98 nm + 42 nm) until 24 h
postinfection (Figures 1F and 1G). In some casggelareas covered with glycogen granules, in
close proximity of lipid droplets, and membranoisternae were present within infected cells
(Figure 1F (i) lower panel and (iii), middle papeNirions assembling within the Golgi
compartments as well as few extracellular viriorsenobserved, starting at 6 h postinfection and

also increasing in abundance at later time poFitu¢e 1F (ii) upper panel and (iv), right panel).
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Notably, ER tubules with collapsed luminal spaceexfeequently observed in close proximity to
DMVs (Figure 1F (iii), right panel). Such structarare reminiscent of the so-called “zippered
ER” or “convoluted membranes” observed in celleatéd with other coronaviruses (Snijder et
al., 2020). In some instances, these structuresaapie connect the rough ER to the DMVs
(Figure 1F (i), lower left panel and 1F (iii), righanel).

Whole cell volume 3D analysisrevealstight association of DM Vswith an ER-based networ k
in SARS-CoV-2 infected cells

To obtain a global view of the cellular alterationduced by SARS-CoV-2 infection, we applied
focused ion beam-scanning electron microscopy @A) analysis on infected Calu-3 cells.
The full volumes of three infected cells (infectibaing determined by the presence of DMVSs),
and two mock-inoculated cells that served as rafarewere acquired (the complete data sets are
made available for download on EMPIAR — ID 10496d are viewable in an interactive manner
via MoBIE — see Star Methods and Table S1). Sulesgtyy we applied a bottom-up approach,
efficiently combining semi-automated and automassmfimentation based on the multicut
pipeline (Beier et al., 2017) (see Star Methodsytbieve deep-segmentation of the dataset
(Figure 2; Figure S1; Video S1)sing this method, in which a small fraction of afetaset is
employed to train a machine learning-based appréacthe recognition of defined and known
organelles, we segmented the cellular elements foom infected cell and one mock cell,
including the nucleus, the mitochondrial networkl &R, as well as viral elements, such as the
DMVs and DMVs-associated ER membranes (Figure 2B-~BQure S1; Video S1). In addition,
manual segmentation was applied for the Golgi aggparin the infected cell (Figures 2B and 2C)
and some instances in the mock cell where the lipgcavas performed using deep learning
(Figure S1). Rendering and 3D visualization ofwhi®le segmented dataset revealed an intricate
network of DMVs embedded in an ER matrix. The migjasf DMVs accumulated on the side of
the cell attached to the culture substrate (FigiBg although groups of DMVs were present
throughout the cell and always in contact with Bt network. Closer inspection showed that the

ER tubules with narrow luminal space linked sevBislVs together, also connecting them to the
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larger ER network (Figures 2C and 2D; Video Sl)erEifore, we have named these structures

ER connectors.

3D architectureof viral replication organelles providesinsightsinto DMV biogenesis

To gain insight into the biogenesis of the DMVs, determined their 3D architecture by high-
resolution electron tomography analysis of SARS-&ow\nfected Calu-3 cells. A total of 13
tomograms from uninfected cells and 7, 85 and 1&8-tiit tomograms of cells fixed at 6, 12 and
24 h postinfection, respectively, were processedbl@ S1; the complete data set is made
available for download on EMPIAR — ID 10490 and ¢envisualized through the MoBIE Fiji
plugin; see Figure S2A and Star Methods). For @asfogram, we identified and classified the
cellular and viral structures present (Table ShjsTarge dataset allowed us to identify different
topological compositions of the SARS-CoV-2 RO. Argshall virus-induced structures, DMVs
were the most abundant. The average diameter,latdduat the DMVs’ equator, was 291 + 48
nm for the 24 h time point, in agreement with tasults from TEM (Figure S2B and Figure 1G,
respectively). Smooth ER connectors were often dounclose apposition to the DMVs’ outer
membranes (Figures 3A-E). In some cases, DMVs emrigedded into the rough ER such as the
DMV outer membrane was contiguous to the ER meng&hraiith several DMVs associated to
the same ER branch (Figures 3F and 3G, respectiValgo S2). This interconnection, together
with the presence of ribosomes on the DMVs’ outembarane (Figure S2C) suggests that DMVs
originate from the rough ER. Additionally, smootR Eonnectors were seen linking DMVs to
the rough ER (Figures 3A-D and Figures 3H and 3ited S3), corroborating the observations
made by the FIB-SEM analysis. With very low freqeygrnwe observed an opening in the DMV
membranes (Figure S2D) that connected the DMV iontéo the cytosol. While the presence of
such openings could allow for the exchange of nwiils and for the release of newly
synthesized viral RNAs into the cytoplasm, thew l&requency argues for a very short-lived

transition state prior to complete closure of thHd\Dmembrane.

Consistent with recent reports (Klein et al., 20@@ando et al., 2020), DMV - DMV contacts
were also observed, either through funnel-like fioms between two DMVs (Figure S2E) or by

the formation of tabs and indentations in adjadehtVs that resemble jigsaw puzzle pieces

7
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(Figure S2F). Ultimately, these membrane bendingntss may generate fused DMVs (Figure
S2G) consisting of multiple vesicles sharing thensaouter membrane, or multimembrane
vesicles formed by DMVs that have engulfed eithesirgle or a double membrane vesicle
(Figure S2H).

Re-organization of the ER network was also confdrog confocal microscopy of SARS-CoV-2
infected A549 lung epithelial cells overexpressi@@E2. We observed localization of the tubular
ER protein Reticulon 3 (RTN3) in the perinucleagiom containing high amounts of double-
stranded RNA, a marker of viral replication, and thral protein nsp3 (Figure 3J). Conversely,
the Sec6f subunit of the translocon was mostly excluded frtims region, indicating that
despite the close link of DMVs to the ER, the sgsih of transmembrane or secreted proteins is

relocated to the VRO periphery (Figure 3J).

In our datasets, double membrane spherules, sitoillwle ones described for other coronaviruses
(Snijder et al., 2020), were only rarely seen IrR®ACoV-2 infected cells. These structures had a
diameter of ~75.5 £ 5.9 nm, an electron-dense iort@nd were linked to the connectors from
which they originated (Figures 3K and 3L; Video S4)

Altogether, our 3D reconstruction data provide mfy@vidence that SARS-CoV-2 reorganizes
the ER network and alters the morphology of thigaoelle to generate vROs, which consist
predominantly of DMVs, but also include other ERbded structures such as ER connectors,

double membrane spherules and multi-membrane essicl

SARS-CoV-2 infection reor ganizes per oxisomes, mitochondria and the secretory apparatus

In addition to the formation afle novo ER-derived organelles, SARS-CoV-2 replication ralte
the morphology, the number and the function of ssvather cellular compartments. Of note, in
regions containing DMV clusters, we observed acdatian of peroxisomes in close proximity
to the DMVs’ outer membrane (Figures 4A-C, Figug3A and S3B; Video S5). These results
were confirmed by confocal microscopy and westdat analyses, showing a redistribution of

peroxisomes to dsRNA positive regions (Figures S8@ S3D) and an increase in the
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peroxisome-associated protein PMP70 in infecteds c@figure S3E). Consistently, super-
resolution microscopy revealed an enclosing of dsBNA signal by the peroxisomal signal
(Figure S3F), supporting the topology observed legteon tomography (Figures 4A-C). The
spatial proximity between peroxisomes and the sifegral RNA replication (Figures S3A and
S3B) argues for a role of peroxisomes in the SARS-Z replication cycle such as the
prevention of oxidative damage to viral RNA or amdlvement in lipid metabolism (Cook et al.,

2019) or a signaling platform mounting a cytokirsponse (Dixit et al., 2010).

Mitochondria were also altered in SARS-CoV-2 ingettells in several ways. First, they were
displaced and accumulated at the periphery of dsRNgitive regions (Figure S3G). Second,
mitochondria morphology was altered showing andase of both intracristal space and matrix
density and conferring an electron-dense appeaiartcansmission electron microscopy (Figure
S3H). Third, in infected cells mitochondria wergrsficantly thinner than in uninfected cells
(Figure S3I). Forth, in infected cells we obsengdtrong decrease in the total amounts of the
mitochondrial ATP synthase subunit 5B (ATP5B), & kactor for cellular energy production
(Figures S3J and S3K). Taken together, these semieal strong perturbation of mitochondria
morphology and function, most likely reflecting SBRoV-2 induced impairment of cellular

energy metabolism.

The high frequency of budding events observed & @olgi apparatus and the surrounding
vesicular membrane compartment indicates that tbeganelles provide membranes for SARS-
CoV-2 assembly (Figure 4D-F; Video S5). Within the=llular compartments, strings of viral
nucleoprotein, corresponding to dark-stained geswwere found on bent membranes, which,
given the similarities in morphology to fully asdaled virions, probably corresponding to the
early stages of virion budding (Figure S4A). Cotesis with previous reports, we also observed
fully assembled virions with an average diamete80f+ 9.5 nm (Figure S4B) (Klein et al.,
2020) The global overview obtained from the large setashograms and the FIB-SEM data
reveal that assembly sites, corresponding to tHgi@ad surrounding vesicles, and DMVs, the
RNA replication sites, are in close proximity, sagting spatiotemporal coordination of the
different steps of the SARS-CoV-2 replication cy@gures 4A-F and Figure S1; Video S1 and
S5).
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In uninfected cells, the secretory compartment stbwwvell-defined morphology. The
polarization of the Golgi stacks allowed for rel@bidentification of the ER-to-Golgi
intermediate compartment (ERGIC) area and the poesef clathrin-coated vesicles marked the
trans-Golgi network (TGN) site (Figures S4C). Differentlyagmentation and dispersion of the
Golgi apparatus, with formation of multiple Golgiimstacks, was observed in SARS-CoV-2
infected cells as early as 6 h postinfection (FegudG and 4H and Figures S4D and S4E). While
fragmented Golgi cisternae were found in the vigimf DMVs (Figures 4D-F, Figure S1) and
may constitute assembly sites, total Golgi area waly marginally reduced (Figure S4E),
suggesting that viral infection induced mainly agimentation and redistribution of the Golgi
cisternae (Figure S1). Due to the altered Golgiphology, unambiguous identification of the
ERGIC and TGN sites is challenging in SARS-CoV-#ated cells and therefore we use the
more general term vesicular-tubular compartmentGYWhen referring to the membranes in

close proximity of the ER and the Golgi stacks.

In addition to conventional assembly at the VTC #wlgi sites, assembly events were also
observed at electron-dense vesicles containing laognbers of virions (Figure S4F, panels i-iii).
Moreover, assembled virions were also present ittivesicular bodies (Figure S4F, iv). Such
structures could either provide an alternative etecy route or represent dead-end products of

the assembly process.

SARS-CoV-2 causes cytoskeleton remodeling important for viral replication

In addition to the secretory apparatus, mitochandrid peroxisomes, we also evaluated possible
cytoskeleton alterations in SARS-CoV-2-infecteds€lo this end, we analyzed different classes
of cytoskeletal filaments, i.e. the microtubuldse tactin microfilaments, and the intermediate
filaments by using A549-ACE2 cells that are supetm Calu-3 cells for light microscopy
imaging of these cellular elements. Consistent witiecent report (Bouhaddou et al., 2020), we
observed an accumulation of cortical actin at th@smpa membrane of the infected cells,
suggesting a role for actin in virion release andidous spread (Figure 5A). Moreover, large
intracellular vesicles containing Spike and surdrdch by an actin ring accumulated in SARS-

CoV-2 infected cells. In addition, SARS-CoV-2-infed cells exhibited a perinuclear inclusion

10
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that stained positive for dSRNA and was surrounaled cage of intermediate filaments (Figure
5A). This cage was surrounded by microtubules weae excluded from the dsRNA-containing
region (Figure 5A) arguing that intermediate filarteemight serve to scaffold or confine the
VRO compartment. Interestingly, bundles of cytostadl flaments were also observed in

tomograms of infected Calu-3 cells in close proxynoif the vVROs (Figures S5A and S5B).

To better resolve the details of the intermedidterents surrounding the vROs we performed
super-resolution STED microscopy on the whole wallime (Figure 5B; Video S6). The dsRNA
region was seen mostly devoid of intermediate fdata, except for a few branches that
protruded within the VRO region (Figure 5B, panéls This arrangement suggests that
cytoskeletal elements might be displaced by clestéDMVs, the main constituents of vROs, or

that the cytoskeleton, notably intermediate filataesupport vRO formation.

To analyze the dynamics of intermediate filamemhadeling in real time, we established a
SARS-CoV-2 reporter system (Pahmeier et al., 2020)hich a GFP, tagged with a nuclear
localization sequence (NLS), is anchored to thesnjic side of the ER by the transmembrane
domain of Seclthrough a linker containing a recognition sequediocghe SARS-CoV-2 main
protease 3-chymotrypsin-like (3CL) (Figure 5C, fgmel). Upon infection by SARS-CoV-2, the
reporter protein is cleaved by 3CL, releasing thP@®LS moiety, which then translocates into
the nucleus. Thus, nuclear GFP signal serves &featifier of SARS-CoV-2 infected cells. Co-
expression of fluorescently tagged vimentin togethath this biosensor allowed for the
characterization of intermediate filaments remougland cage formation in infected cells by
means of live cell imaging (Figure 5C; Video S7)hi% spatial information was limited by the
resolution of our imaging system, which did nobwallvisualizing single intermediate filaments,
we were able to record the dynamics of cage foomatdn average, nuclear translocation of the
reporter and vimentin cage formation became ddiéctat identical time frames, with the
majority of events being detected at 6.5 h postiide (Figure 5D). A smaller proportion of GFP
translocation events, corresponding to viral spreadre observed at 16 h postinfection,
suggesting that a complete infection cycle mighunmee ~9.5-10 h. At this late time point, a peak
in cell death, as judged by plasma membrane blgbéna cell disruption, was recorded, which
affected only ~20% of the cells. Therefore, the arigj of infected cells were alive at 24 h

postinfection indicating that the phenotype we obsa was not due to cell death.
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To investigate the contribution of the differentqmonents of the cytoskeletal network to SARS-
CoV-2 replication, we treated infected cells wittngpounds altering cytoskeleton integrity and
dynamics (Figure 6A). For this we used drug comagioins that did not induce cytotoxicity as
determined by quantification of intracellular ATBvéls (Figure 6B). We observed a robust
reduction in viral replication and amount of infiecis virus released from cells that were treated
for 6 h with Withaferin A, a compound that disrugit® intermediate filaments network (Mohan
and Bargagna-Mohan, 2016) (Figures 6C and 6D),ilmggor an important role for intermediate
filaments in VRO formation. Surprisingly, treatmewith latrunculin A, a microfilament-
disrupting agent, did not affect viral replication infectious particle production, suggesting a
limited contribution of the actin network to SAR®Y2 replication (Figures 6C and 6D).
Notably, while nocodazole and colcemid (inducingnmoiubule depolymerization) did not affect
SARS-CoV-2 replication, paclitaxel and vinblastiiehibiting microtubule depolymerization or
polymerization, respectively), had a strong effestthe production of infectious extracellular
virus. These results reveal intermediate filameamsl microtubules as critical host factors

contributing to SARS-CoV-2 replication and viru®g@uction, respectively.

DISCUSSION

In this study, we took advantage of several stitreart imaging techniques to determine the
3D architecture and cytoplasmic configuration of R®ACoV-2 ROs and virus-induced

alterations of cellular organelles. Consistent widry recent reports, we confirm that SARS-
CoV-2 alters the ER network to generate DMVs simtla other betacoronaviruses such as
SARS-CoV-1, MERS-CoV and MHV (Angelini et al., 201Bagemeijer et al., 2014; Knoops et
al., 2008; Snijder et al., 2020; Wolff et al., 2020nportantly, several 3D volume EM datasets
acquired by FIB-SEM and the evaluation by 3D retrmiesion of a full volume of an infected

cell shows that SARS-CoV-2 infection induces a nvasspatial reorganization of the cytoplasm
to create a network of vVROs. DMVs accumulate ingaenuclear region along with fragmented
and stacked membranes of the Golgi apparatus ak aseperoxisomes. This replication-

conducive environment is enclosed by a cage-likecgire consisting of intermediate filaments.
The DMVs were often interconnected or tethered ByriBembranes, largely independent from

convoluted membranes that were reported for SAR-C@and MERS-CoV (Knoops et al.,

12



347
348
349
350
351
352

353
354
355
356
357
358
359

360
361
362
363
364
365
366
367

368
369
370
371
372
373
374
375
376

2008; Snijder et al., 2020). Instead, DMVs werewnfinked to stretched ER plates with a narrow
luminal space. These ER connectors are reminisoéntippered ER reported for other
coronaviruses (Snijder et al., 2020). It is plalesihat the lumen of the ER, from which DMVs
protrude, collapses, with ER membranes remainimgpected to DMVs and getting stretched as
they grow over the course of infection. AlternaljyeDMVs might first form at ER ends,

followed by collapse of the respective ER tubule.

With a lower frequency than DMVs, we could alsoedétdouble-membrane spherules that
exhibited a smaller diameter than the one of DMV&5(nm vs ~300 nm). These structures were
often located at the tip of the ER connectors aightiresult from connector membrane bending
and subsequent self-wrapping (Figures 3K and 3hg @bsence of viral RNA with double-

membrane spherules (Snijder et al., 2020) sugtjestshese structures do not play a role in viral
RNA synthesis, but may instead constitute a defediy-product of VRO morphogenesis or exert

functions not detectable in vitro cell culture systems.

Several reports have provided convincing evidema MERS-CoV and SARS-CoV-1 RNA
synthesis occurs inside DMVs. Indeed, dsRNA as veall fH] uridine-labeled de novo
synthesized RNAs were detected inside DMVs by edectmicroscopy (Knoops et al., 2008;
Snijder et al., 2020). Moreover, very recently,al/iRNA has been detected inside DMVs by
cryo-electron microscopy (Klein et al., 2020). Getent with DMVs serving as sites of viral
RNA replication, proteinaceous pores have beennstoacted from MHV induced DMVs and
these pores most likely serve as sites for the an@h of metabolites, such as nucleoside
triphosphates, and exit of viral RNA into the cyiapm (Wolff et al., 2020).

The mechanism underlying DMV biogenesis is poorntglerstood. Close examination of ~900
DMVs from more than 200 tomograms identified singpenings in just a few of them (Figure
S2D; Table S1). While we cannot exclude that memdrategrity was compromised during
sample preparation, it is tempting to speculaté BV openings might represent transition
states during DMV biogenesis prior to complete memb closure. Of note, ribosomes were
occasionally detected on the cytosolic side of DMMgure S2C), supporting a model in which
newly synthesized viral RNAs exiting DMVs are ditgaused for protein synthesis. Moreover,
the spatial organization of DMVs, ER and the secyetompartment as observed here allows an

optimal coordination between RNA synthesis, RNAnstation and virion assembly. Indeed,
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newly produced nucleocapsid proteins would alrebdyproperly localized to associate with
genomic RNA as it is exported from DMVs. These lvithonucleoprotein particles would be

subsequently packaged and bud into the nearby \@ighhoring the DMVs. Supporting a tight
coordination between RNA replication/transcripti@amd virus assembly, small stacks of
fragmented Golgi-like membranes, which containgtrs, were often found in the vicinity of

DMVs (Figure 4; Figure S1 and Figures S4D and S4E).

Juxtaposed to DMVs we observed the accumulatiopesbxisomes, which were also more
abundant in SARS-CoV-2-infected cells than in cointells (Figures S3A-F). These organelles
might contribute to viral replication e.g. by rethug oxidative stress that might result from the
extensive remodeling of cellular endomembranes ARSCoV-2, or by providing additional
lipids required for DMV formation (Cook et al., 281 Finally, the translocon subunit Sef6an
abundant ER protein, was mostly excluded from tR®wompartment (Figure 3J) strongly
suggesting a partitioning of ER functions in inézgttells. Consistently, our confocal microscopy
analysis of infected cells revealed that the ERdbemn protein RTN3 was enriched in the
perinuclear region where dsRNA accumulated, argthag) SARS-CoV-2 might hijack distinct
ER-shaping proteins for vRO biogenesis. Such heltfactor usurpation has been reported for
other RNA viruses. For instance, the ER-shapingepme atlastin 2, RTN3 and the reticulophagy
factor FAM134B were recently shown to be involvedthe biogenesis of flavivirus replication
organelles (Lennemann and Coyne, 2017; Monel €2@19; Neufeldt et al., 2019). It is tempting
to speculate that the functions of such host faataght be regulated by nsp3-4 shown for other

coronaviruses to be sufficient to induce DMVs (Alngeet al., 2013; Hagemeijer et al., 2014).

Apart from the ER and peroxisomes, several othiéulaeorganelles were found to be remodeled
in SARS-CoV-2 infected cells. This includes mitonbaoa displaying swollen cristae and matrix
condensation, along with reduced components of Aii® synthase. This observation is
consistent with transcriptional changes reported $3&\RS-CoV-2 infected cells indicating
reduced oxidative phosphorylation and pointing talsametabolic reprogramming triggered by
the virus (Neufeldt et al., 2020).

Nocodazole and colcemid induce microtubule depofisagon and did not affect SARS-CoV-2
replication (Figures 6C and 6D), whereas alteratibmicrotubule dynamics, either by inhibiting

polymerization or depolymerization of the microtldyu network, strongly suppressed the
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production of infectious SARS-CoV-2 (Figure 6D).cR@axel induces microtubule bundles that
associate with Golgi fragments (Sandoval et al841%ehland et al., 1983). This might prevent
redistribution of Golgi ministacks close to thealireplication sites, the DMVs, thus altering the
spatio-temporal coordination of viral replicatiomdaassembly. Although other mechanisms
might account for the observed phenotype, micrdagoplay an important role in shaping Golgi
structure and function, arguing that the obsereetiiction in extracellular infectivity is linked to
alteration of the assembly or secretion of virugigies at the Golgi. In contrast, disruption oéth
actin microfilament network with latrunculin A didot affect virus production and spread.
Nevertheless, in infected cells we observed aisgikedistribution of cortical actin. This might
reflect the formation of filopodia suggested tooallrapid spread of SARS-CoV-2 in infected
tissues (Bouhaddou et al., 2020).

DMVs concentrate within a cage-like structure, vhig induced upon infection and composed of
intermediate filaments that might aid in spatiaregation of DMVs in the perinuclear area. It is
unknown whether such structures are shared by otrenaviruses, but it is reminiscent of those
we have previously reported for Zika virus (Corteseal., 2017), a positive-strand RNA virus
belonging to theFlaviviridae family. Live cell imaging and super-resolution naiscopy with
SARS-CoV-2 infected cells highlighted virus-inducatkeration of the vimentin network (Figure
5B and 5C; Videos S6 and S7). Consistently, entbrpharmacological aggregation of
intermediate filaments with Withaferin A was detemtal for viral replication supporting that this
structure contributes to viral replication (FiglB€). Of note, a recent systems biology study
revealed that the phosphorylation levels of serasgdues 39 and 56 of vimentin are decreased in
SARS-CoV-2-infected cells (Bouhaddou et al., 2020)d phosphorylation of serine residue 39
has been shown to impede intermediate filamentnpefization (Eriksson et al., 2004). In
addition, SARS-CoV-2 nsp7 associates with the Rikorase of the Rho/Rac/Cdc42 pathway,
which positively regulates PAK1/2-dependent phosglaton of vimentin (Gordon et al., 2020).
Altogether, these data provide compelling evidethe¢ SARS-CoV-2 regulates the dynamics of
intermediate filaments in infected cells, possiilyough the modulation of posttranslational
modifications. Whether nsp7 is responsible for tiserved changes in intermediate filament

dynamics and cage formation remains to be detednine

Intermediate filaments also play an important iiolénnate immunity and induction of a cellular

antiviral state (Mostowy and Shenoy, 2015). Intengty, type | interferon treatment was shown
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to alter the integrity of arterivirus nsp2/3-indddeMVs (Oudshoorn et al., 2016). This raises the
hypothesis that the SARS-CoV-2-induced vimentinecagight reduce access of the viral
replication compartment to sensors of the cellutaate defense system. Moreover, the sub-
population of vimentin located at the cell surfagcas shown to contribute to SARS-CoV-2 S-
mediated cell entry of virus-like particles (Yuadt, 2016). While such participation in the entry
of genuine virus particles was not investigated thdistribution of intermediate filaments
around the replication compartment and its expeeketlsion from the plasma membrane would
constitute a mechanism to avoid super-infectiometention of newly synthesized virions at the

surface of the virus-producing cells.

In conclusion, this study reports a comprehensixangew of SARS-CoV-2 induced vROs and
virus-induced alterations of cellular organelles ¥hnployed an integrative imaging analysis and
generated an unprecedented repository of 3D steugtformation of virus-induced substructures
and whole cell volumes, deduced from a FIB-SEM skttand around 250 tomograms. All these
data will be shared with the scientific community tlownload through the EMPIAR platform
and for smooth online visualization through MoBIEefgara et al., 2020). This data-rich
resource will support the global investigative effo study how SARS-CoV-2 interacts with its
host and become an important tool to unveil nomtivaal targets for the development of host-

targeting drugs suppressing viral replication alt agevirus-induced cell damage.

LIMITATIONSOF THE STUDY

Our study describes morphological changes induge8ARS-CoV-2 in the host cell. Although
we used a human lung-derived cell line that camugsexl as respiratory model, it remains to be
determined how well observed cellular alteraticeffect those induced in vivo. Moreover, there
are still several open questions regarding the ocotde mechanisms responsible for the observed
perturbations. For instance, the biogenesis of S&R8-2 ROs is still poorly characterized and
we do not have detailed information on the hosti@l factors that contribute to RO formation.
Identification of these factors can provide promgstandidates for developing compounds that
could limit viral replication. Likewise, further westigation is required to determine the
molecular mechanisms underlying cellular organekshaping induced by SARS-CoV-2

infection, such as Golgi fragmentation or cytost®le#emodeling as well as the association
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468  between peroxisomes and viral DMVs. Using our gtitactural data set as a foundation, we can
469  begin to design studies aimed at answering thesstigas that will provide useful insights into
470 SARS-CoV-2 pathogenies and will allow us to bettederstand the interplay between the virus
471 and the host cell.
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Figure Legends

Figure 1. SARS-CoV2 infection kineticsin pulmonary epithdial cells.

(A) Time course of SARS-CoV-2 replication in infedtCalu-3 cells (MOI = 5) as detected by
immunofluorescence using a dsRNA antibody (whitéyclear DNA was stained with DAPI
(blue). Scale bar: 40m. (B) Percentage of dsRNA positive cells quardifiom panel (A). (C
and D) Intra- and extracellular viral RNA levels asared by RT-gPCR. (E) Extracellular
infectivity measured by plague assay. Means and &Dthree independent experiments are
shown in panels B-E. (F) Transmission electron asicopy images of 70-nm-thin sections of
resin-embedded Calu-3 cells infected with SARS-CO{MOI = 5) and imaged at the indicated
time points after infection. DMVs, double membramsicles; C, connectors; LD, lipid droplet;
Gg, glycogen granules; orange arrow heads, contpleirgons; yellow arrowhead, budding
virion. Areas in yellow rectangles are magnifiedhe corresponding panels marked with roman
letters. Red dotted lines indicate regions withuawglations of DMVs. (G) Relative frequency
distribution of DMV diameters determined at thefeliént time points after infection. Gaussian
fits are shown as overlay. N = 43, 40 and 48 DMus 6 h, 12 h and 48 h postinfection,
respectively.

Figure 2. FIB-SEM analysis of whole cell volume of a SARS-CoV-2 infected cell reveals a
network of DMVsand ER.

Calu-3 cells were infected with SARS-CoV-2 (MOI ¥fér 24 h before being fixed and prepared
for FIB-SEM analysis. (A) Two different slices tlugh the cell volume. Note the tight
association of the infected cell in the middle witle neighboring cells, giving the infected cell
an hourglass-like shape in the top panel. (B) 3ieeng of the infected cell. The color code of
subcellular structures is depicted on the bottortheffigure. (C) Zoom-in of the area indicated
with rectangle in (B) showing a cluster of DMVs.)(Detail of DMV - ER connections (i).
DMVs are shown in red, membrane connectors are showitrus. (i) Same as in (i) but with
high level transparencies for DMVs and ER regioms;ept the areas in contact with the ER
connectors. (iii and iv) Two orthogonal slices simythe raw data of the same region of the
respective left panel. Scale bars: 2 um in panetnd B, 500 nm in panels C and D. See also
Figure S1 and Video S1.

Figure 3. High-resolution analysis of ER - DMV inter-connectivity and selective
recruitment of ER-resident proteinsto sites of viral replication organelles.

Electron tomography and 3D rendering of SARS-CoVhfected Calu-3 cells (MOl = 5)
harvested 12 h after infection. (A) Slice througk tomogram. (B) Same region as in (A) with
superimposed rendering of cellular and viral orglase The color code of visualized structures
for this and subsequent panels is given in the ldgfeof the figure. (C) 3D reconstruction of the
area indicated with yellow rectangle in (B). (D) dféfied view of DMVs (red) in close contact
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with membrane connectors (citrus). (E) Magnifiedwiof a DMV in close contact with the ER
(green). An ER connector forming a hook is alsablés(bottom right). (F) Consecutive slices of
a tomogram depicting two adjacent DMVs sharing dbger-membrane with the ER. (G) Side
view of the 3D rendering. (H) Orthogonal slicesasadomogram depicting a membrane connector
in contact with a DMV and with the ER. A superpmsitof rendered DMV and ER is shown in
the right panel. (1) 3D rendering view of the DM¥diits connectivity to the ER. Scale bars in all
panels: 200 nm. (J) A549-ACE2 cells were infectath WBARS-CoV-2 for 16 h, fixed and
stained with primary antibodies of the given speities. DNA was stained with DAPI (blue).
Single slices through deconvoluted z-stacks arevsh&cale bar, 1am. (K) Consecutive slices
and (L) 3D rendering of membrane connector bentbrfigrm a double membrane spherule. Red
arrows point to double membrane spherules. Scake B&0 nm. See also Figure S2 and Video
S2, S3, and S4.

Figure 4. Spatial coupling of SARS-CoV-2 replication and assembly sites mediated by close
proximity of DM Vs, vesicular-tubular compartment and Golgi apparatus

(A-F) Electron tomography and 3D rendering of SAR&Y-2 infected Calu-3 cells (MOI = 0.5)
harvested 24 h after infection. (A) Slice througk tomogram. (B) Same region as in (A) with
superimposed rendering of cellular and viral ordlasethat are specified on the bottom of the
figure. (C) 3D rendering of organelles visualizad(A). (D-F) Zoom on the vesicular-tubular
compartment (VTC; cyan) and Golgi apparatus (ddde)owith budding virions (yellow) and
fully assembled virions (orange). Scale bars: 200 (G) Time course of Golgi fragmentation in
SARS-CoV-2 (MOI = 5) infected A549-ACE2 cells. Asgks indicate infected cells. Scale bar,
10 um. (H) Quantification of images in (G). For eachl,cthe largest Golgi fragment was
calculated. Each dot indicates the mean values &blmast 30 individual cells. Mean and SD of
triplicate experiments are shown. P-value was tafled with Student’s t-test. ** = p<0.01.See
also Figures S1, S2 and S4 and Video Sb.

Figure 5. A network of intermediate filaments surrounds SARS-CoV2 replication
organelles.

(A) A549-ACEZ2 cells were infected with SARS-CoV-@rfl6 h (MOI = 5), fixed and stained
with antibodies of the given specificities. DNA watined with DAPI (blue). A single slice
through a deconvolved z-stack is shown. The regiortbe yellow boxes are magnified in the
zoom panels on the left. Scale bar, @0. (B) Cells infected as in (A) were fixed and st
with antibodies directed against dsRNA, the viggllication intermediate, and vimentin. Images
were taken using an Abberior instruments STED msioope. Z-stacks comprising whole cells
were acquired. Selected slices through the staglslaown in (i). A central slice with dsRNA
(green) and vimentin (gray) signals is shown ij {ihe region in the yellow box is magnified in
panels (iii). A 3D rendered model of the dsRNA &rgand vimentin (red) signals is shown in
panel (iv). (C) Live cell imaging of SARS-CoV-2 edted A549-ACE2 cells transiently
expressing an mCherry-tagged vimentin protein (megeand a GFP-NSL-tagged SARS-CoV-2
fluorescent reporter (the structure of this regadeagiven on the top). Infected cells show nuclear
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translocation of the GFP-NLS reporter. Scale b@ru@. NLS, nuclear localization sequence;
GFP, green fluorescent protein; TM, transmembragen of Sec6fl; black arrowhead, SARS-
CoV-2 3C-like protease cleavage site. (D) Frequedisyribution of the GFP-NLS nuclear
translocation (green bars), vimentin peri-nucleauaulation (red bars) and infected cell death
(gray bars) events. Gaussian fit of each datas#tas/n. See also Figure S5 and Videos S6 and
S7.

Figure 6. Important role of the cytoskeleton for productive SARS-CoV-2 replication and
virus particle production.

(A) Compounds that alter the cytoskeletal netwodrevtested on Vero E6 cells infected with
SARS-CoV-2. Infection was allowed to proceed fdr @rior to addition of given concentrations
of the indicated compounds. Cells were fixed at Bostinfection and dsRNA as well as the
indicated cytoskeleton elements were detected Ipyunofluorescence microscopy using specific
antibodies. (B) Cell viability after 6 h treatmewith the indicated compounds as determined by
guantification of intracellular ATP levels. (C) Rentage of infected cells as determined by
dsRNA staining of cells treated as in (A). (D) Amdtaiof infectious SARS-CoV-2 released into
the culture supernatant of cells treated as inWA3 quantified by using plaque assay. Panels (C)
and (D) show means and SDs; each dot representséla@ of technical triplicates (C) or
duplicates (D).
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STAR METHODS

RESOURCE AVAILABILITY

L ead Contact
Further information and requests for resources raagents should be directed to and will be

fulfilled by the lead contact, Ralf Bartenschlagailf.bartenschlager@med.uni-heidelberg.de).

M aterials Availability

Plasmids and/or cell lines will be distributed unttee terms of a material transfer agreement.
Data and Code Availability

The tomograms and FIB-SEM datasets generated dtimsgtudy are available at EMPIAR (ID
10490). Links to the individual tomograms are aaal in supplemental Table S1. Additional
Supplemental Items are available from Mendeley Data at

http://dx.doi.org/10.17632/8fc7fr8g63.1.

EXPERIMENTAL MODELSAND SUBJECT DETAILS

Cdll lines

VeroE6, A549 and HEK293T cells were obtained fronTCAL and grown in complete
Dulbecco’s modified Eagle medium (DMEM) containih@% fetal calf serum (FCS), 2 mM L-
glutamine, non-essential amino acids, 100 U/ml @kini and 100 pg/ml streptomycin. Calu-3
cells (a kind gift from Dr. Manfred Frey, Mannheimjere grown in complete DMEM with a
final concentration of 20% FCS and supplementedh @ mM sodium pyruvate. A549 cells
stably expressing ACE2 (A549-ACE2) were generagedescribed recently (Klein et al., 2020).

Viruses
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The SARS-CoV-2 isolate Bavpat1/2020 was obtainedhleyEuropean Virology Archive (Ref-
SKU: 026V-03883) at passage 2. Working virus stogkse generated by passaging the virus

two times in VeroE®b cells.

METHOD DETAILS

Light microscopy (confocal and STED)

For light microscopy Calu-3 cells or A549-ACE2 salere seeded onto glass coverslips one day
prior to infection with SARS-CoV-2. Samples weneefil with 4% paraformaldehyde buffered in
PBS for 30 min at room temperature (RT). Platedainimg the coverslips were submerged in
6% formaldehyde for 30 min at RT before being tpamged outside the biosafety level 3 (BSL3)
area. Samples were then washed in PBS, permeabwitb 0.1% Triton-X100 in PBS for 10
min at RT, blocked with 5% milk in PBST (PBS wittD0% Tween-20) for 1 h and incubated
with primary antibodies for an additional hour at R 5% milk-PBST blocking buffer. Samples
were washed 3 times in PBST and incubated with @éxor conjugated secondary antibodies
for 45 min at RT in PBST. Samples were washed &gimm PBST, twice in PBS and mounted
with Fluoromount-G mounting medium containing DAg@outhern Biotechnology). Imaging
was performed using a 63x oil immersion objectidé ( 1.4; Leica APO CS2) on a Leica SP8
system with lighting configuration.

Primary antibodies used in this study were: J2 ra@rgi-dsRNA (Scicons, #0010500); mouse
anti-SARS-CoV-2 Nucleocapsid (Sino Biological, #143-MMO05); mouse anti-SARS-CoV
spike (Genetex, GTX632604-100), mouse anti-RTN3n{&&ruz, #sc-374599), rabbit anti-
PMP70 (abcam, ab3421), rabbit anti-GM130 (cell aligny, #12480), sheep anti-TGN46 (biorad,
AHP500G) , mouse anti-tubulin (ThermoFische#5-17193), rabbit anti-vimentin (abcam,

#ab188499). For actin staining, 565-ATTO conjugapdtllioidin was diluted in 500 pl of
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methanol according to the manufacturer’s instrunti@Sigma, #94072) and added together with
the secondary antibodies. Alexa Fluor 488, 568 @did fluorescent-dye conjugated secondary
antibodies were used in this study.

For stimulated emission depletion (STED) microscopgmples were prepared as described
above except that high-precision coverslips weduyMarienfeld, #0117520) and secondary
antibodies were conjugated either with STAR-RED,T®F590 or ATTO-594. Dual-color 2D
stimulated emission depletion (STED) microscopy wasformed on an Expert Line STED
system (Abberior Instruments GmbH, Goéttingen, Geryha using a 100x oil immersion
objective (NA, 1.4; Olympus UPlanSApo) and excdatwith the 590- and 640-nm laser lines.
775 nm STED laser (15% of the maximal power of 3 y2Wds used for depletion with pixel
dwell time of 10 to 15us and 15-nm xy sampling. For 3D STED data, 40%hef$TED laser
power was used for fluorescence depletion in thexig-and DyMIN illumination scheme was
used to minimize bleaching. Sampling frequency ®@s1m in xy and 70 nm in z axis (xyz).
STED images were restored with Huygens Deconvolufecientific Volume Imaging) using
Classic Maximum Likelihood Estimation (CMLE) algthnn and Deconvolution Express mode
with Conservative settings. The 3D rendering anel iiovie of the vimentin staining were
generated in IMARIS v8.0 (Oxford instruments).

Livecell imaging

The SARS-CoV-2 reporter construct used for livel egelaging will be described in detall
elsewhere (Pahmeier et al., 2020). In brief, @nsengineered fusion protein composed of (from
N- to C-terminus) green fluorescence protein, thelear localization sequence from simian virus
40, a linker sequence containing the consensusagessite of the 3CL protease of SARS-CoV-
1, and the transmembrane region of S@c@&Ekntiviruses encoding SARS-CoV-2 reporter and

mCherry-tagged vimentin were generated transfedd&d<293T cells with pWPI-RC_CoV-2
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and pWPI-mCherryVimentin, respectively, and withplee plasmids pMD2-VSV-G and pCMV-
Gag-Pol (gift from Dieder Trono). After 48 h posstsfection, supernatants containing
lentiviruses were harvested and filtered throu@¥® pm filter and stored at -80°C. For live cell
imaging, A549-ACE2 cells were transduced with Mntises encoding for the SARS-CoV-2
reporter and a mCherry-tagged vimentin and seedénl 3 mm diameter dishes with polymer
coated bottom and sealable lid (ibidi, # 81156) h1gost-transduction, cells were infected with
SARS-CoV-2 (MOI=5) in growth medium without pheneld. The lid was locked and sealed
with silicon to prevent evaporation. 3 h after otfen, imaging of cells was started using a Nikon
Eclipse Ti inverted microscope, equipped with a BBjective. Multiple fields were defined and
image acquisition was performed at intervals ofndid for 24 h by using the automated Nikon
perfect focus system. Images were analyzed withNilken NIS Element Advanced Research
program.

Plague assay

Plaque assay was performed as previously desc(ledh et al., 2020). Briefly, VeroE6 cells
seeded in duplicate wells were inoculated with adediO-fold dilutions of SARS-CoV-2
containing supernatants for 1 h at 37°C. One hater,| the inoculum was replaced by serum-free
MEM (Gibco, Life Technologies) containing 0.8% ocaxlgmethylcellulose (Sigma-Aldrich).
Samples were fixed three days postinfection witmiddehyde, directly added to the medium to
a final concentration of 5% for 30 min. Plates wel@nged in 6% formaldehyde for inactivation
and transported outside the BSL3 area. Plates there washed extensively with water before
being stained with 1% crystal violet and 10% ethdoo30 min. Plates were rinsed with water,
the number of plaques was counted and virus titere calculated.

Cytotoxicity M easurement

25



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

VeroE®6 cells were seeded into 96-well plates airdleency of 7E+03 cells per well and treated
for 6 h with serial 2-fold dilutions of the diffenecompounds. For latrunculinA, the highest used
concentration was 5 uM, for all the other compouadsarting concentration of 50 uM was used.
Nocodazole, paclitaxel and vinblastine were puredldsom Sigma. LatrunculinA was obtained
from Santa Cruz Biotechnology. WithaferinA was am¢al from Abcam. DMSO was used as
control. Cell viability was determined by quantibat of ATP concentration using the CellTiter-
Glo assay (Promega) as recommended by the mantdacitu Mithras LB 940 plate reader
(Berthold Industries) was used to measure the legstence. A compound concentration that
reduced the ATP amounts more than 20% was conslidgtetoxic.

Drug treatments

VeroEG6 cells were seeded in triplicates at a camity of 7E+03 cells per well in black-wall
glass-bottom 96 well plates (Corning, # 353219)lICe&vere infected with SARS-CoV-2
(MOI=5) for 1 h at 37°C. At 2 h postinfection, verunoculum was removed, cells were washed
with PBS and media containing different concentradi of the compounds were added to the
cells. DMSO was used as control. 8 h postinfectidnms supernatants were harvested and used
for plaque assay. Infected cells were washed in, RR&d in 6% formaldehyde, processed for
immunofluorescence as described above and imagec@susly reported (Pape et al., 2020).
RT-qPCR

Total RNA was isolated with the Nucleospin RNA extion kit (Macherey-Nagel) according to
the manufacturer’s instructions. A high capacityNéDreverse transcription kit (ThermoFisher)
was used for cDNA synthesis from that total RNANZDsamples were diluted 1:15 and used for
gPCR with the iTaq Universal SYBR green masterrBiooiad). Primers used in this study were:
SARS-CoV-2-N (forward) 5-GCCTCTTCTCGTTCCTCATCAC,3SARS-CoV-2-N (reverse)

5-AGCAGCATCACCGCCATTG-3, HPRT (forward) 5-CCTGGETCGTGATTAGTG-3
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and HPRT (reverse) 5-ACACCCTTTCCAAATCCTCAG-3'. R#ive abundance of each
specific RNA was determined by correcting the cybleshold values for the PCR efficiency of
each primer set and normalizing to the hypoxantiphesphoribosyltransferase 1 (HPRT)
transcript levels.

Sample processing for TEM

Calu-3 cells grown on glass coverslips were inf@éateth SARS-CoV-2 either at MOI=5 or
MOI=0.5 as specified in the results section. Celexe fixed by adding 2x concentrated EM
fixative (composition of the 1x fixative: 2.5% ghualdehyde in 50 mM Na-cacodylate buffer
(pH 7.4) containing 50 mM KCI, 2.6 mM Mg£12.6 mM CaCl and 2% sucrose) to the cell
culture medium (1:1) for 5 min at RT in 12 wellai@s. Fixative was removed and replaced by
1x fixative for 2 h at RT. Plates were plunged % Grmaldehyde for inactivation for 30 min at
RT before being transported outside the BSL3 dfeative was exchanged again with 1x EM
fixative and the samples were stored at 4°C untiher processing. Prior to embedding cells
were rinsed 6 times with 100 mM Na-cacodylate fomiin each. Subsequently, cells were post-
fixed with osmium-ferricyanide (1% Og01.5% KsFe(lII)(CN)s, 0.065 M Na-cacodylate buffer)
for 2 h at 4°C in the dark. Further processing d@se in the microwave. Cells were washed with
dH,O 5x for 1 min each, stained with 1% uranyl acetatdH,O 4x for 2 min each, rinsed 3x
with dH,O for 1 min. Dehydration with an ethanol seriesy6d0%, 90% and 4x 100%) was
then performed for 40 sec each on ice in the miex@w Cells were infiltrated in Epon 812 resin
with increasing percentages of this resin in eth&b@%, 30%, 50%, 70%, 90% and 2x 100%)
for 3 min each in the microwave. The coverslipshvitte cells facing down were placed on a
BEEM capsule filled with Epon 812 resin. Beem cd@sund coverslip were turned upside down
and polymerized at 60°C. After one day the glase=ips were removed from the blocks that

were incubated for 2 more days at 60°C. Ultratldatisns (70 nm) were obtained with a UC7
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Leica conventional ultramicrotome with a diamondfé&r{Diatome) and collected on slot grids.
Grids were post-stained with Uranyl acetate and tatnate. Sections were analyzed with a JEOL
2010 plus transmission electron microscope equipptda Matataki SCMOS camera.

Electron tomography (sample acquisition, reconstruction and rendering)

Sections of 300 nm (Calu-3 cells, MOI=0.5, 24 htpdsction) and 200 nm (all other conditions)
thickness processed as described for TEM, wereatell on Formvar-coated slot grids. After
post-staining, screening images were acquired @@»-@nd 3000x magnification at points evenly
distributed across one section. This was done usitvgnced SerialEM functionality at a JEM
2100 Plus electron microscope (JEOL Ltd., Akishidapan) equipped with a Jeol Matataki
sCMOS camera (Schorb et al., 2019). The higher ifiegtion images were manually screened
for target features. After transferring and registp the grids to a TF30 microscope (Thermo
Fisher Scientific, Waltham, MA, USA), equipped wédlGatan OneView (Gatan, Inc. Pleasanton,
US), precise target positions were manually setewtghin the previously defined regions and
acquired by dual axis tomography (-60° to +60°ges; increment: 1°) at 15,500% magnification
(1.55 nm/px). The tilt series were reconstructedadmgh-performance computer cluster using
IMOD’s automated batch reconstruction (Kremer et #996; Mastronarde, 2005; Mastronarde
and Held, 2017). Selected tomograms or parts theree manually segmented in Amira-Avizo
software Version 2020.1, using the magic wand drel drush segmentation tools. Volume
rendering and animations were computed with Amird post-processed in ImageJ (Schindelin
et al., 2012; Schneider et al., 2012).

Sample preparation for FIB-SEM

Calu-3 cells were grown on 35 mm diameter MatTehes with glass bottom and were prepared
(infection and fixation) as described above for THBAtra post-staining steps were performed

(the so called OTO post-staining). Cells were fiogtd with osmium-ferricyanide (1% Os0©
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1.5% KsFe(lll)(CN)s, 0.065 M Na-cacodylate buffer) for 2h at 4°C iretldark. Further
processing was done in the microwave. Cells werged 5x in dBO for 1 min and treated with
1% thiocarbohydrazide in ¢ 4x for 2 min each. Cells were rinse 3x with,@Hor 1 min and
stained 4x with 2% osmium tetroxide in gBi4x for 2 min each. Cells were rinsed 3x with,@H
for 1 min, stained with 1% Uranyl acetate in H4x for 2 min each. Dehydration and
embedding were done as described for TEM sampleapréon except that Durcupan resin was
used. Cells were embedded in a thin layer of Dwnupesin covered with a coverslip and
polymerized overnight at 60°C. After one day thsineslab was detached from the coverslips,
polymerized at 100°C for a few hours and at 60°@romght. The polymerized samples were
mounted on SEM stubs.

FIB-SEM

FIB-SEM image acquisition was performed with a Zdirossbeam 540 or a Zeiss Crossbeam
550, using the Atlas5 software (FIBICs, Carl Zévsisroscopy). Briefly, a platinum coating was
deposited over the cells of interest and autotuaksnwere etched and used for post-acquisition
image alignment. The imaging surface was exposeBIBymilling of a 25-30 um deep trench.
FIB slicing during the run was obtained at 700 pB/@A. All datasets were acquired at 1.5 kV
and 700 pA current using an energy-selective baakered electron detector (ESB). The cells
were acquired at 8x8x8 nm (or 5x5x5 nm) voxel size.

Alignment of image slices was performed by a wankflbased on Alignment to Median
Smoothed Template (AMST) (Hennies et al., 20203-&ignment was performed by linear stack
alignment with SIFT (Lowe, 2004) and subsequentptate matching on the autotune marks.
The displacements obtained by template matching weroothed along the z-direction for more
robustness and applied to the SIFT aligned datek.staubsequent AMST vyielded the final

aligned datasets.
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Segmentation of DMVs, ER and mitochondria was peréal in semi- and fully-automated

manner in an original workflow that will be detallelsewhere. The semi-automated workflow,

based on supervoxel merging using Paintera (higitbulb.com/saalfeldlab/paintera)
(Hanslovsky et al., 2020), was used to obtain theessary ground truth for the automated
workflow. The automated segmentation is an adaptadf the multicut pipeline (Beier et al.,
2017), optimized for the segmentation of cellulagamelles. Masks for the target cells were
obtained using Microscopy Image Browser MIB (Betévet al., 2016) by annotation of selected
slices and interpolation. Nuclei were segmentediB using the graph-cut approach. Golgi
stacks were segmented using MIB by annotation letsel slices with interpolation. Subsequent
adaptive thresholding (Otsu, 1979) within the aatext area, individually for each Golgi stack,
yielded the final segmentation. For the mock oek, annotated ~20 stacks and used a U-Net
(Cicek et al., 2016) to scale up to the full cBID renderings of above described segmentations
were performed using Drishti (Limaye, 2012).

Electron microscopy dataset visualization through MoBI E

The Fiji plugin MoBIE can be used to visualize #ile tomographic datasets (Vergara et al.,
2020). Instructions for the plugin download andtafiation can be found at the following link:

https://github.com/mobie/mobie-viewer-fiji. To valize the electron microscopy datasets, the

link to the datasets_(https://github.com/mobie/det@mo-datasets for the tomograms and

https://github.com/mobie/covid-em-datasets for iB-SEM datasets) should be inserted into

the “Project location” of Fiji. Additional informain how to access and used the datasets is

provided in Table S1.

STATISTICAL ANALYSISAND QUANTIFICATION
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812  All statistical analyses were performed with they@rPad Prism 7.04 software package (LaJolla,
813 CA, USA). Data sets were considered significanifiecent if the P-value was less than 0.05. For
814 each experiment, the performed statistical analgsid the sample sizes are given in the
815  respective figure legend.

816
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Supplemental Infor mation

Table S1. List of tomograms and annotations. Related to Figures 2, 3and 4
Video S1. FIB-SEM analysis of a SARS-CoV-2 infected cell. Related to Figure 2

Video S2. Electron tomogram of DMVsand their connection with the ER. Related to Figure

3
Video S3. Electron tomogram of DMVsin contact with ER connectors. Related to Figure 3

Video $4. Electron tomogram of double-membrane spherules and their association with the

ER. Related to Figure 3

Video Sb5. Electron tomogram of SARS-CoV-2 replication organelle and spatial link to

vesicular-tubular compartment/Golgi apparatus located assembly sites. Related to Figure 4

Video S6. Vimentin remodeling in SARS-CoV-2 infected cell visualized by full-cell 3D

STED microscopy. Related to Figure 5

Video S7. Live cell visualization of vimentin cage formation in SARS-CoV-2 infected cells.

Related to Figure 5
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Highlights

* Integrative imaging approaches reveal SARS-CoV-2 induced cellular alterations

e SARS-CoV-2 extensively remodels the cellular endomembrane system

* Pharmacological inhibition of cytoskeleton remodeling restricts viral replication

* We provide a comprehensive repository of virus-induced ultrastructural cell changes

eTOC Blurb

Cortese et al. use integrative imaging techniques to generate a publicly available repository of
morphological alterations induced by SARS-CoV-2 in lung cells. Accumulation of ER-derived double
membrane vesicles, the viral replication organelle, occurs concomitantly with cytoskeleton
remodeling and Golgi fragmentation. Pharmacological alteration of cytoskeleton dynamics restricts
viral replication and spread.



